Photosynthetic carbon assimilation including photorespiration is dynamically regulated during the day/night cycle. This includes transcriptional regulation, such as the light induction of corresponding genes, but little is known about the contribution of photorespiratory metabolites to the regulation of gene expression. Here, we examined diurnal changes in the levels of photorespiratory metabolites, of enzymes of the photorespiratory carbon cycle, and of corresponding transcripts in wild-type plants of Arabidopsis (Arabidopsis thaliana) and in a mutant with altered photorespiratory flux due to the absence of the peroxisomal enzyme Hydroxypyruvate Reductase1 (HPR1). Metabolomics of the wild type showed that the relative amounts of most metabolites involved in photorespiration increased after the onset of light, exhibited maxima at the end of the day, and decreased during the night. In accordance with those findings, both the amounts of messenger RNAs encoding photorespiratory enzymes and the respective protein contents showed a comparable accumulation pattern. Deletion of HPR1 did not significantly alter most of the metabolite patterns relative to wild-type plants; only serine accumulated to a constitutively elevated amount in this mutant. In contrast, the hpr1 mutation resulted in considerable deregulation of the transcription of photorespiration-related genes. This transcriptional deregulation could also be induced by the external application of L-serine but not glycine to the Arabidopsis wild type, suggesting that serine acts as a metabolic signal for the transcriptional regulation of photorespiration, particularly in the glycine-to-serine interconversion reactions.
Plant development, growth, and metabolism are dynamically regulated during the natural day/night cycle (Bläsing et al., 2005; Espinoza et al., 2010; Ruts et al., 2012) . Besides the availability of CO 2 , nutrients, and water, light is the most important environmental factor for the diel regulation of these processes. Accordingly, photosynthetic carbon assimilation becomes induced after the onset of light and down-regulated in darkness (Buchanan, 1980; Servaites, 1994a, 1994b) . It is known that genes for enzymes involved in photorespiration also specifically respond to light. For example, the mRNA of Glycolate Oxidase (GOX) accumulates following the illumination of tobacco (Nicotiana tabacum) seedlings and decreases in the dark (Barak et al., 2001) . Similar patterns were observed for mRNA levels of other photorespiratory enzymes, for example Glycine Decarboxylase (GDC), Serine Hydroxymethyltransferase1 (SHM1), and peroxisomal Hydroxypyruvate Reductase1 (HPR1; Kim et al., 1991; Sloan et al., 1993; Srinivasan and Oliver, 1995; McClung et al., 2000; Lutziger and Oliver, 2001 ). More comprehensive transcript profilings revealed that light induction is a general feature of most photorespiratory genes (Foyer et al., 2009) . Interestingly, it has been reported that light not only affects the level but also the subcellular distribution of HPR1 mRNA in pumpkin (Cucurbita maxima) leaves by an alternative splicing mechanism (Mano et al., 1999) . In addition to light, photorespiratory transcripts are responsive to several other environmental factors. For example, both osmotic stress and low-nitrate treatment caused the repression of many photorespiration-related genes, as is evident from available Genevestigator data (https://www.genevestigator. com/gv/), whereas drought stress led to the accumulation of HPR1 protein (Wingler et al., 2000) . For the HPR1 gene, transcriptional repression in high CO 2 has been observed (Bertoni and Becker, 1996) . This effect of changes in the CO 2 concentration on HPR1 expression probably cannot be generalized, because the expression of genes encoding other photorespiratory enzymes is not significantly altered (Foyer et al., 2012; Queval et al., 2012) .
In contrast to these known responses of photorespirationassociated genes to changes in the environment, our knowledge concerning the associated changes of photorespiratory metabolite levels and, even more, the internal pathway regulation remains considerably more limited. It is possible that the photorespiratory pathway could be regulated during a day/night cycle at the level of metabolite flux, which shows significant alterations at different light and/or CO 2 conditions. Altered fluxes directly translate into altered levels of participating metabolite pools. Hence, regulation at the flux level can be investigated using mutants with defects in photorespiratory enzymes. Most null mutants of photorespiratory enzymes are heavily impaired in photorespiratory conditions (Timm and Bauwe, 2013; Timm et al., 2012b) and cannot be easily used for such experiments. In contrast, the presence of a cytosolic bypass allows mutants deficient in HPR1 to grow in a wild-type-like manner in normal air (Timm et al., 2008 (Timm et al., , 2011 . Since photorespiratory carbon flow is not blocked but rather partially redirected in this mutant, hpr1 represents a suitable intermediate between the wild type and the more impaired photorespiratory mutants and, therefore, can be used to study diel changes in the capacity of the photorespiratory pathway.
Here, we examined diurnal changes in the levels of selected photorespiratory metabolites, proteins, and transcripts in hpr1 in comparison with wild-type Arabidopsis (Arabidopsis thaliana). Our data suggest that Ser, possibly together with Gly, is a metabolic signal for the transcriptional regulation of the photorespiratory pathway, particularly at the Gly-to-Ser conversion step.
RESULTS
To study the day/night regulation of photorespiratory metabolism, we analyzed changes of photorespiratory metabolites, enzyme proteins, and transcript levels during a 24-h cycle. Arabidopsis wild-type and hpr1 mutant plants were grown side by side to growth stage 5.1 (Boyes et al., 2001) in normal air under a 10/14-h day/night regime. This particular photorespiratory mutant is deficient in the peroxisomal enzyme HPR1, causing a partially redirected photorespiratory carbon flux (Timm et al., 2008 (Timm et al., , 2011 . As a consequence of that, hpr1 is characterized by a slightly retarded metabolism through the photorespiration core cycle, which in turn only causes a very "mild" photorespiratory phenotype (Timm and Bauwe, 2013) . Leaf samples were taken at the middle of the day (MoD) and the end of the day (EoD) and at the middle of the night (MoN) and the end of the night (EoN) for the analysis of metabolites by gas-chromatography coupled to mass spectrometry (GC-MS), proteins by immunoblotting with specific antibodies, and transcripts by quantitative reverse transcription (qRT)-PCR.
Photorespiratory Intermediates Show a Specific Accumulation Pattern in the Wild Type
By comparing the day and night values, we expectedly found distinct changes in the steady-state contents of photorespiratory metabolites in the wild type. The relative amounts of glycolate, Gly, Ser, and glycerate increased after the onset of light and showed maxima at EoD. In the following night, the amounts of these metabolites steadily decreased, reaching lowest values at EoN. The strongest amplitudes of day/night changes were observed with glycerate and Gly, showing 20-to 30-fold higher levels at EoD compared with EoN (Fig. 1A) . Exceptionally, hydroxypyruvate (HP) did not show much variation during the day but rather reached a maximum at MoN. By contrast to the specific pattern of the photorespiratory intermediates, a broad range of metabolites of the tricarboxylic acid (TCA) cycle (e.g. fumarate, succinate) and nitrogen metabolism (e.g. Glu, Gln) did not show such a consistent and specific day/night fluctuation. Only some amino acids (Phe, Thr, Trp, Tyr, Val) increased about 2-fold at the EoD (for the full data set, see Supplemental Table S1 ).
Deletion of HPR1 Changed the Accumulation Pattern for Ser
Generally in hpr1, the amounts of a broad range of the examined metabolites (45 in total) were not significantly different (12 of 45) or rather showed only slight alterations compared with the corresponding wild-type values (22 of 45; between 2-and 4-fold increase or decrease, respectively). Furthermore, these changes were not persistent over the whole analyzed period and appeared solely at one or two specific time points (Supplemental Table S2 ). Moreover, if compared with the strong alterations observed with other photorespiratory mutants Voll et al., 2006; Engel et al., 2007; Collakova et al., 2008; Timm et al., 2012b; Eisenhut et al., 2013) , these metabolic changes are of a very moderate character, confirming the suitability of hpr1 as a model to study the direct feedback of a slightly and specifically reduced internal carbon flow on the regulation of photorespiration.
On the other hand and more specifically, significantly higher amounts of the photorespiratory intermediates glycolate, Gly, HP, and glycerate were found over the analyzed period. Nevertheless, we observed that these metabolites still showed day/night fluctuation similar to the wild-type pattern described above but appeared with an intensified specification. Ser, interestingly, did not follow this accumulation pattern and remained at a constitutively elevated content (about 5-fold) without diel fluctuation (Fig. 1B) . In addition to the higher amounts of photorespiratory intermediates, hpr1 also showed some slight changes in TCA cycle activity and amino acid metabolism. These alterations became visible in nonfluctuating, constitutively elevated amounts of TCA cycle intermediates (e.g. a-ketoglutarate, malate) and a number of amino acids or amino acid derivatives (e.g. homo-Ser, Thr; Supplemental Table S2 ).
Transcript and Protein Levels Fluctuate Similar to Metabolite Levels in the Wild Type
To find out whether the changes of metabolite levels are accompanied by alterations in gene expression and protein amounts, transcripts encoding Phosphoglycolate Phosphatase (PGLP), GDC P-and T-protein (GDC-P and GDC-T), SHM1, and Glycerate Kinase (GLYK) were quantified by qRT-PCR, and the corresponding protein amounts were examined by immunoblotting. For these experiments, we used leaf samples harvested at exactly the same time points as above for metabolite analyses. In leaves of wild-type Arabidopsis, this set of transcripts representative for photorespiration-related genes is induced by light and showed a 2-to 3-fold accumulation during the day, with highest levels usually after 9 h of illumination (GDC-P, GDC-T, SHM1, and GLYK). As a slight exception, PGLP responded faster and already climaxed at the MoD. During the following night, transcript amounts decreased, with most genes showing their lowest levels at MoN ( Fig. 2A ). In accordance with the photorespiratory transcripts, approximate protein amounts for PGLP, GDC (P-, T-, L-, and H-proteins), SHM1, and GLYK showed similar accumulation patterns. In general, and if compared with the EoN values, the leaf contents of PGLP, GDC-P, GDC-T, GDC-H, GDC-L, SHM1, and GLYK increased after the onset of light and decreased after light was switched off (Fig. 3A) . More precisely, the quantitative amounts of PGLP, GDC-P, GDC-T, and SHM1 followed the accumulation pattern as found for transcripts, with highest values at the EoD (2-to 3-fold), whereas GDC-L, GDC-H, and GLYK were already highest at the MoD (also around 2-to 3-fold; for representative immunoblots, compare Fig. 3A and Supplemental Fig. S1 ).
Deletion of HPR1 Alters Diel Patterns of Photorespiratory Transcripts and Enzymes
Given that we noted a particularly suboptimal conversion of photorespiratory intermediates in hpr1, we next set out to analyze whether these effects are accompanied by alterations at the transcript and protein levels. Thus, in hpr1, a distinct deregulation of transcription was observed: transcripts of PGLP, GDC-P, GDC-T, SHM1, and GLYK did not increase but rather significantly decreased after the onset of light, with a reduction between 40% and 60% at EoD compared with EoN (Fig. 2B ). Considerable deregulation of the photorespiratory pathway in hpr1 was also observed for the respective protein amounts. In good accordance with the effects found on the transcript level, GDC-P, GDC-H, and SHM1 were not distinctly light induced in the mutant and decreased in response to light (GDC-P, GDC-H, and SHM1 to approximately 50% at MoD compared with EoN; Fig. 3B ). Similarly, the GDC-T subunit of GDC and GLYK no longer increased during illumination but rather constitutively remained at EoN levels. Apart from this, the amounts of PGLP and GDC-L did not follow those trends and appeared as increasingly enhanced following the onset of light, with highest amounts in the middle of the night if compared with the corresponding hpr1 EoN values ( Fig. 3B ; Supplemental Fig. S1 ), despite their decreased transcript levels.
External L-Ser Supply Deregulates Photorespiratory Transcripts in the Wild Type
From the above findings that (1) Ser levels were constitutively elevated during the day/night period . Accumulation patterns of photorespiratory enzymes in the wild type and hpr1. Arabidopsis wild-type and hpr1 plants were grown side by side in normal air conditions (380 mL L 21 CO 2 ) with a 10/14-h day/night regime to growth stage 5.1 (Boyes et al., 2001) . A pool of leaves from three different individuals were harvested at MoD and EoD and at MoN and EoN, and protein was extracted, separated by SDS-PAGE (10 mg of total leaf protein), and analyzed by immunoblotting (for representative images, see Supplemental Fig. S2 ). Protein amounts were quantified by densitometry analysis (n = 3) from wild-type (A) and hpr1 (B) plants, where the respective EoN value was arbitrarily set to 1. Asterisks indicate significant changes to the EoN value, and plus signs indicate significant changes to the corresponding wild-type time point, according to the two-tailed Student's t test (P , 0.05). Note the different scaling of the y axis between the Columbia (Col-0) wild type and hpr1.
material was harvested at the same time points as in all other experiments. If compared with the control, the external L-Ser treatment resulted in an about 2-fold increase of the absolute leaf Ser content (4.0 6 0.4 versus 8.4 6 0.8 mmol g 21 fresh mass at MoD), which confirmed the uptake of L-Ser by the roots and transport into the leaves.
We next quantified photorespiratory transcripts and found that the control plants showed a similar accumulation pattern of PGLP, GDC-P, GDC-T, SHM1, and GLYK to that observed with wild-type plants grown in soil. That is, the onset of light caused an approximately 2-fold accumulation of the respective mRNAs in seedling leaves, but, in contrast to adult plants, with highest amounts already at MoD and a decrease until MoN (Fig. 4A) . These results indicate that seedlings are a suitable proxy for adult plants in the context of the transcriptional regulation of photorespiratory genes. By contrast and similar to constitutively Ser-accumulating leaves of soil-grown hpr1, the presence of 1 mM L-Ser in the growth medium resulted in a strongly deregulated transcription of these genes in the wild-type seedlings, particularly those encoding for enzymes involved in the photorespiratory Gly-to-Ser interconversion. Thus, GDC-P, GDC-T, and SHM1 were no longer induced after the onset of light but rather showed strongly reduced expression. Similarly, GLYK was found to follow this trend but appeared not to be as strongly affected in transcriptional reduction. Strikingly, the mRNA of PGLP still started to accumulate after the light was switched on, further rose, and reached its maximum at EoD, with a significantly enhanced expression over that found in wild-type seedlings without L-Ser supplementation (Fig.  4B) .
Additionally, accumulation patterns of photorespiratory enzymes were examined in an immunoblot experiment. Compared with adult plants, the induction of the respective proteins by light in wild-type seedlings was somewhat less distinct and even slower. That is, PGLP, GDC-P, GDC-L, SHM1, and GLYK were slightly increased at the MoD but rather showed maxima at EoD. Apart from this, we did not observe much variation in the amounts of GDC-T and GDC-H, which remained constitutively at EoN levels ( Fig. 5A; Supplemental Fig.  S3 ). However, external application of 1 mM L-Ser to wild-type seedlings altered protein expression patterns in a similar manner to that observed in hpr1. Accordingly, PGLP and GDC-L increasingly accumulated after the onset of light, with highest amounts in the middle of the night. Furthermore, GDC-P, GDC-T, Figure 4 . Accumulation patterns of photorespiratory transcripts in wildtype seedlings after external L-Ser or Gly application. Arabidopsis wild-type seedling were grown on one-halfstrength MS medium in normal air conditions (380 mL L 21 CO 2 ) with a 10/ 14-h day/night regime to growth stage 1.04 (Boyes et al., 2001 GDC-H, and SHM1 were no longer light induced but appeared to slightly decrease over the analyzed light period, with lowest amounts at MoN. Apart from this, GLYK did not show considerable variation in its pattern and remained at the respective EoN value ( Fig. 5B ; Supplemental Fig. S3 ). Taken together, these data show that external application of L-Ser to the wild type mimics the hpr1 phenotype with respect to the abolished lightstimulated expression pattern of photorespiration-related genes and, to a lesser extent, the (deregulated) biosynthesis of the corresponding enzymes of the photorespiratory pathway.
External Gly Supply Does Not Alter the Diel Pattern of Photorespiratory Transcripts
To provide additional evidence that the deregulation of transcription found in hpr1 and L-Ser-supplemented wildtype seedlings is caused by the constitutively elevated Ser contents, we next tested whether other photorespiratory metabolites also are involved in this transcriptional response. Gly was chosen because (1) its amounts showed the highest diel amplitude in hpr1, (2) it is the direct precursor of Ser in the photorespiratory pathway, and (3) the two enzymes responsible for this reaction, GDC and SHM1, showed the strongest transcriptional reduction in hpr1. To this end, 5 mM Gly (for representative photographs showing plant performance at different Gly concentrations, see Supplemental Fig. S2B ) was externally supplied to wild-type seedlings with the aim to analyze the transcription of photorespiration-related genes by qRT-PCR. We first tested by HPLC analysis whether Gly was taken up and, surprisingly, observed a significant reduction to about one-half of the absolute Gly content in leaves of non-Gly-treated Arabidopsis wild-type seedlings (2.1 6 0.4 versus 3.8 6 0.5 mmol g 21 fresh mass at MoD). Then, we quantified the expression of the photorespiratory genes PGLP, GDC-P, GDC-T, SHM1, and GLYK by qRT-PCR at the same time points used for the L-Ser treatment. In general, all photorespiratory genes retained their rhythmic pattern (i.e. they all showed higher transcript levels during the day compared with the night in Gly-supplemented as well as control seedlings). Particularly, PGLP and GLYK expression did not show much deviation from the control after Gly addition. Apart from this, the genes for enzymes involved in the Gly-in-Ser conversion, GDC-P, GDC-T, and SHM1, still exhibited the typical diel pattern found in the control seedlings, but their expression activation in the light appeared enhanced after Gly treatment (Fig. 4C) , which fits nicely to the Figure 5 . Accumulation patterns of photorespiratory enzymes in the wild type after external application of L-Ser. Plants were grown on one-half-strength MS medium (0 mM L-Ser [control] or 1 mM L-Ser) in normal air (380 mL L 21 CO 2 ) with a 10/14-h day/ night cycle to growth stage 1.04 (Boyes et al., 2001 ). Leaves of three to four seedlings were harvested at MoD and EoD and at MoN and EoN, and protein was extracted, separated by SDS-PAGE (10 mg of total leaf protein), and analyzed by immunoblotting (for representative images, see Supplemental Fig. S3 ). Protein amounts were quantified by densitometry analysis (n = 3) from nontreated wild-type plants (A; control; 0 mM L-Ser) and L-Ser (1 mM)-treated wild-type plants (B), where the respective EoN value was arbitrarily set to 1. Asterisks indicate significant changes to the EoN value, and plus signs indicate significant changes to the corresponding wild-type control time point, according to the two-tailed Student's t test (P , 0.05). Note the different scaling of the y axis between the Columbia (Col-0) wild type and L-Ser treatment.
decrease of the absolute leaf Gly content under these conditions.
DISCUSSION
This study aims to identify potential regulatory circuits within and beyond the photorespiratory pathway. While the biochemistry and function of photorespiration are rather well understood (Foyer et al., 2009; Bauwe et al., 2010 Bauwe et al., , 2012 , not very much is known about the regulation of photorespiration (Fernie et al., 2012) . This process is intimately linked to photosynthesis, where diurnal regulation has been known for many years (Buchanan, 1980; Servaites, 1994a, 1994b; Bläsing et al., 2005) . Hence, we started this study by quantitatively analyzing a representative set of photorespiratory metabolites together with photorespiration-related transcripts and proteins during growth of the Arabidopsis wild type in a day/night cycle. These data were compared with corresponding data collected for an HPR1-deficient mutant. The hpr1 mutant differs from other photorespiratory mutants, because two bypasses to the HPR1 reaction allow the extraperoxisomal conversion of HP into glycerate and, consequently, wild-type-like growth in ambient air (Timm et al., 2008 (Timm et al., , 2011 . Due to the only moderate impact on metabolism and growth, it was possible to examine whether this genetic defect in photorespiratory flux alters the diurnal regulation of the capacity of the photorespiratory pathway.
The Onset of Light Coordinately Increases Metabolites, Proteins, and Transcripts of the Photorespiratory Pathway
The metabolomics approach displayed increased steadystate contents of photorespiratory intermediates such as glycolate, Gly, Ser, and glycerate after the onset of light and decreased levels after light was switched off, as a specific pathway pattern. Due to the light induction of Rubisco for photosynthetic carbon assimilation, this is not too surprising, and earlier studies have reported similar effects (Murray et al., 1989; Wingler et al., 1997; Noctor et al., 1999) . These wild-type data demonstrate the robustness of our approach and serve as a control in the interpretation of corresponding data collected with the hpr1 mutant. It is also known that the leaf contents of carbohydrates show characteristic day/night fluctuations due to the accumulation of transitory starch during the day and its nightly degradation (Bläsing et al., 2005; Lu et al., 2005; Urbanczyk-Wochniak et al., 2005) . Such alterations were also displayed in the metabolomics data set we present here, especially for Fru and maltose.
Remarkably, we observed differing amplitudes of accumulation among the photorespiratory intermediates. On the one hand, levels of glycolate, Ser, and particularly HP oscillated with a rather low amplitude (up to 4-fold), which is probably due to efficient metabolite channeling within the peroxisomes (Heupel et al., 1991) . In addition, the enzymes that are involved in the turnover of these metabolites (GOX, Glu:glyoxylate aminotransferase, Ser: glyoxylate aminotransferase, HPR1, catalase, malate dehydrogenase) are highly abundant in peroxisomes (Reumann et al., 2007) and characterized by high affinities toward their substrates (for review, see Leegood et al., 1995) . These features counteract the massive accumulation of the respective enzyme substrates. On the other hand, relative contents of Gly and glycerate oscillate with much higher amplitudes. Both intermediates increased 20-to 30-fold during the day. These very high changes between day and night can be taken as an indication that the activities of GDC and GLYK are relatively low and, according to control theory, characterized by high control coefficients. In close agreement with this interpretation, we have shown that overexpression of the H-protein of GDC in Arabidopsis decreases Gly accumulation in the light, facilitates photorespiratory carbon flow, and stimulates plant growth (Timm et al., 2012a) , underpinning the flux-controlling character of GDC in Arabidopsis.
In the wild type, these metabolite profiles closely corresponded to day/night changes in the abundances of photorespiration-related transcripts and enzymes, such as PGLP, GDC-P, GDC-L, GDC-H, SHM1, and HPR1. Extending earlier reports on individual enzymes (Kim et al., 1991; Sloan et al., 1993; Srinivasan and Oliver, 1995; McClung et al., 2000; Barak et al., 2001; Lutziger and Oliver, 2001 ) and the evaluation of Genevestigator data (discussed by Foyer et al., 2009 ), our study provides a clear experimental picture of a light-induced increase in the capacity of the photorespiratory pathway brought about by increased transcription of the photorespiratory genes. This also translates into higher amounts (and likely activities) of photorespiratory enzymes and allows the efficient recycling of 2-phosphoglycolate (2PG) into 3-phosphoglycerate (3PGA) during the day. Quite generally, the light-stimulated synthesis of photosynthesis-related proteins is mediated by specific transcription factors and likely controlled by the circadian clock (Wang and Tobin, 1998; Harmer et al., 2000) . It is not exactly known, however, how this light-dependent control is coordinated with the control exerted by other environmental and internal factors. For example, a broad range of transcription factors responds to changes in the CO 2 concentration, whereas photorespiration-related transcripts remain largely unaffected (Foyer et al., 2012; Queval et al., 2012) . It is also not known whether a specific regulation of photorespiratory metabolism, including the transcription of relevant genes, occurs. We recently hypothesized that the demand for an increased capacity of the photorespiratory pathway could be sensed by the photorespiratory activity in combination with the photorespiratory capacity. That is, the accumulation of photorespiratory intermediate(s) could signal the need for more expression of the enzymes associated with the pathway (Timm et al., 2012a) .
replaced by two extraperoxisomal routes (Timm et al., 2008 (Timm et al., , 2011 . This redirection of photorespiratory carbon flow is quite efficient but nevertheless impairs photorespiratory carbon flux to some extent. Compared with the wild type, deletion of HPR1 did not change the time course of the accumulation of most examined photorespiratory intermediates but rather resulted in much larger amplitudes for glycolate, Gly, HP, and glycerate, indicating their less optimal conversion. However, all of these metabolites do show the same specific day/night accumulation pattern in hpr1 as they show in the wild type. Ser, exceptionally, was the only metabolite that showed an altered accumulation pattern. The leaf content of this amino acid did not significantly fluctuate in the day/night rhythm anymore but accumulated to a rather constitutively elevated amount during day and night. Taken together, these changes at the metabolite level already show that the capacity of the photorespiratory pathway in hpr1 in principle is high enough to maintain a reasonable 2PG-to-3PGA recycling but is still suboptimal compared with the wild type.
The severe effects observed at the transcript and protein levels, particularly the abolished induction by light in combination with very low transcript abundances during the day for most examined transcripts (except PGLP) in hpr1 plants, were very much unexpected. While further experiments are needed to fully explain this observation and the underlying mechanism, the otherwise wild-type-like phenotype of the hpr1 mutant suggested that the constitutive accumulation of Ser could be related to the striking changes in day/night transcriptional regulation of photorespiration. This would support our hypothesis mentioned above that the lower or higher accumulation of photorespiratory intermediate(s) during the day feeds back to transcriptional processes that, in turn, readjust the capacity of the photorespiratory pathway. Such recalibrations are not necessary during the night, when there is no significant 2PG production from Rubisco, which would fit the observed abolishment of light induction of several genes.
Ser Rather Than Gly as a Possible Metabolic Signal for the Transcriptional Control of Photorespiration
To specifically test whether the constitutive accumulation of Ser in the diel cycle is initially responsible for the observed alterations in the expression of photorespiration-related genes in the hpr1 mutant compared with the wild type, we fed L-Ser to the roots of Arabidopsis wild-type seedlings. This system, which is independent from the hpr1 genotype, also excluded the unlikely but always existing possibility of an unknown background mutation that could be responsible for the effects observed with the mutant. L-Ser supplementation of the growth medium indeed induced similar changes at the transcript and protein levels, as they were observed in hpr1 plants (for transcripts, compare Figs. 2B and 4B; for proteins, compare Figs. 3 and 5) . Additional L-Ser abolished the light/ dark fluctuation in the expression of most examined photorespiratory enzymes (again with the exception of PGLP), with a very strong down-regulating effect on the expression of GDC and SHM1 proteins. This strong effect on GDC and SHM1 is remarkable because these enzymes represent an important intersection between photorespiration, amino acid metabolism, and one-carbon metabolism , and it is controlled by a range of different mechanisms. For example, GDC activity itself is inhibited by Ser (Oliver and Sarojini, 1987) and controlled by the NADH/NAD + ratio (Bourguignon et al., 1988) and other components of cellular redox regulation (Balmer et al., 2004; Montrichard et al., 2009) . Moreover, overexpression of the H-protein of GDC resulted in 30% lower Gly levels in Arabidopsis and a reduction in the levels of several upstream and downstream metabolites such as glycerate or glycolate (Timm et al., 2012a) , which underlines the importance and controlling character of GDC as photorespiration's "centerpiece."
Apart from the effects caused by L-Ser, we have also tested Gly as a second photorespiratory metabolite for a possible interference with the transcription of photorespiration-related genes during this study. This was done for four reasons: (1) Gly is the direct precursor of Ser; (2) both amino acids are interconverted by GDC and SHM1, for which transcriptional repression was most distinct; (3) the amount of Gly showed the highest diel amplitude, particularly if the photorespiratory carbon flow was slightly constrained in hpr1; and (4) the earlier observed strong transient accumulation of Gly after shifting Arabidopsis from low to high photorespiratory conditions (Timm et al., 2012b) . However, in contrast to L-Ser supplementation, we found that external application of Gly essentially does not alter the diel pattern of photorespiratory transcripts but rather causes an enhanced induction of GDC and SHM1 expression after the onset of light. Two lines of evidence nevertheless suggest that Gly, too, could act as a transcriptional activator of some photorespiratory genes. First, after Gly supplementation of Arabidopsis seedlings, the internal concentration of this amino acid is reduced to one-half of that found in nontreated seedlings. Second, the accumulation of Gly in hpr1 during the high-to-low CO 2 transition after 1 d is less distinct 3 d after transfer to normal air (Timm et al., 2012b) . Both findings indicate that Gly could act as a transcriptional inductor for GDC proteins to adapt plants for photorespiratory conditions. Collectively, we conclude from these data that Ser levels and probably the internal Gly-to-Ser ratio contribute to the fine-tuning of the photorespiratory activity at the transcriptional level. However, it remains to be examined how the changes in metabolite levels regulate the expression of photorespiratory genes, particularly those involved in the Gly-to-Ser interconversion.
CONCLUSION
We have shown that the photorespiratory pathway is not only light/dark regulated at several levels in a 24-h cycle but also that the transcriptional regulation of photorespiration responds to the leaf content of specific photorespiratory metabolites. This is supported by two lines of evidence. First, leaves of HPR1-deficient plants show constitutively high (without the nightly reduction typical for the wild type), nonfluctuating Ser contents. This feature comes with a clear deregulation of the expression of all five examined photorespirationrelated genes, encoding enzymes at key positions of the photorespiratory carbon cycle. Second, external application of Ser and, hence, the constitutive elevation of the leaf content of this particular photorespiratory intermediate in wild-type seedlings abolishes the day/night fluctuation in the expression of these genes in a very similar manner to that observed in hpr1. Moreover, Gly was found to enhance the transcription of GDC components and SHM1, indicating that this amino acid could function as an activator of the Gly-to-Ser interconversion.
MATERIALS AND METHODS

Plant Material and Growth
Arabidopsis (Arabidopsis thaliana) ecotype Columbia was used as the wildtype reference. Transfer-DNA insertional lines of HPR1 were obtained from the Nottingham Arabidopsis Stock Centre, and homozygous plants were isolated as described previously (Timm et al., 2008) . Seeds were sterilized with hypochlorous acid, sown on soil, and incubated at 4°C to break dormancy for at least 2 d. Plants were grown in controlled-environment chambers (Percival; 10/14-h day/night cycle, 20°C/18°C, 120 mmol m 22 s 21 irradiance, 390 mL L
21
CO 2 ) on a 4:1 mixture of soil (Type Mini Tray; Einheitserdewerk) and vermiculite and regularly watered with 0.2% Wuxal liquid fertilizer (Aglukon).
For the experiments, we used plants at growth stage 5.1 according to Boyes et al. (2001) . For feeding experiments, sterilized wild-type seeds were sown on one-half-strength MS medium supplemented with 1% Suc without (control) or with L-Ser (1 mM) or Gly (5 mM) as the only addition. Leaves of seedlings at growth stage 1.04 (Boyes et al., 2001) were used for experiments.
Metabolite Analysis
For GC-MS analysis, samples were taken at four different time points during a diurnal cycle (MoD [5 h of light], EoD [9 h of light], MoN [7 h of darkness], and EoN [13 h of darkness]). At each time point, leaf material was harvested, immediately frozen in liquid nitrogen, and stored at 280°C as recommended by Fernie et al. (2011) . For metabolite analysis, we used 50 mg of fully expanded rosette leaves from at least five biological replicates (growth stage 5.1 according to Boyes et al. [2001] ). Metabolite extraction, derivatization, and analysis were described by Lisec et al. (2006) . Absolute Ser and Gly contents in seedlings (principal growth stage 1.04 according to Boyes et al. [2001] ) were determined using about 50 mg of leaf material from three to four seedlings (five biological replicates) by HPLC as described previously .
Protein Isolation and Immunological Studies
Samples for protein isolation were taken at the same time points as described for metabolite analysis. Approximately 100 mg of leaf tissue (as a pool from three or four to six biological replicates for adult plants or seedlings, respectively) were homogenized using a ball mill (MM 400; Retsch) and extracted in 200 mL of extraction buffer containing 50 mM HEPES-KOH, pH 7.6, 10 mM NaCl, 5 mM MgCl 2 , 100 mM sorbitol, and 0.1 mM phenylmethylsulfonyl fluoride. After centrifugation (4°C, 10 min, 20,000g), the protein content of the supernatant was determined according to Bradford (1976) using bovine serum albumin as a protein standard. For immunoblotting, 10 mg of total leaf protein was separated by SDS-PAGE and blotted onto a nylon membrane according to standard protocols. Densitometry analysis was performed from at least three technical replicates. Antibodies against photorespiratory proteins were produced and purified as follows: PGLP1 (Arabidopsis, recombinant protein; H. Bauwe, unpublished data), GDC-P (pea [Pisum sativum], purified protein; a gift from D.J. Oliver [Idaho State University]), GDC-T (Flaveria pringlei, purified protein; Engel et al., 2008) , GDC-L (pea, purified protein; a gift from Stephen Rawsthorne [John Innes Centre]), GDC-H (Flaveria trinervia, recombinant protein; Kopriva et al., 1996) , SHM1 (pea, purified protein; Turner et al., 1992) , and GLYK (rice [Oryza sativa] Os01g0682500, recombinant protein; Bartsch et al., 2010) .
RNA Isolation, cDNA Synthesis, and qRT-PCR Samples for RNA isolation were harvested at the time points described above for metabolite analysis. Approximately 100 mg of leaf tissue (as a pool of three individuals for adult plants and six to eight individuals for seedlings) was homogenized using a ball mill (MM 400; Retsch), and RNA was isolated using the Nucleospin RNA plant kit (Macherey-Nagel) following the manufacturer's protocol. In addition to the standard protocol, a second DNA digestion step was added to completely remove genomic DNA contamination (DNaseI; Fermentas). Absence of DNA contamination was confirmed by PCR using the isolated RNA as a template, as suggested by Udvardi et al. (2008) . Complementary DNA (cDNA) was synthesized from 2.5 mg of leaf RNA using the RevertAid cDNA synthesis kit (MBI Fermentas). Before qRT-PCR analysis, cDNA amounts were calibrated according to the constitutively expressed gene for the 40S ribosomal protein S16 by standard reverse transcription-PCR. qRT-PCR of selected photorespiratory genes (PGLP, GDC-P1, GDC-T, SHM1, and GLYK; for primer sequences, see Supplemental Table S3 ) was performed using the LightCycler 1.5 system (Roche) and SYBR Green fluorescence (Roche) for detection. To normalize gene expression, the constitutively expressed reference gene was amplified, and the average cycle threshold at each time point (n = 3) was used to calculate relative expression values. The expression of selected photorespiratory genes in wild-type and hpr1 plants or after Ser and Gly treatment during the day/night period was normalized by subtraction of their cycle threshold values from the mean of the control gene at each time point, with the respective EoN value arbitrarily set to 1.
Statistical Analysis
Statistical tests were performed using the two-tailed Student's t test (Microsoft Excel 10.0). Densitometry measurements for immunoblotting experiments were performed using ImageJ software (http://rsb.info.nih.gov/ij/).
Sequence data from this article can be found in the Arabidopsis Genome Initiative database under the following accession numbers: At5g36790, PGLP1; At4g33010, GDC-P1; At1g11680, GDC-T; At1g48030, GDC-L1; At1g32470, GDC-H3; At4g37930, SHM1; At1g68010, HPR1; At1g80380, GLYK; and At2g09990, 40S ribosomal protein S16.
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Supplemental Figure S1 . Accumulation patterns of photorespiratory enzymes in the wild type and in hpr1.
Supplemental Figure S2 . Representative photographs of L-Ser-and Glytreated wild-type seedlings.
Supplemental Figure S3 . Accumulation patterns of photorespiratory enzymes in the wild type after external application of L-Ser.
Supplemental Table S1 . Alterations of selected metabolites in leaves of wild-type plants during a day/night cycle.
Supplemental Table S2 . Alterations of selected metabolites in leaves of hpr1 plants during a day/night cycle.
Supplemental Table S3 . Primers used for qRT-PCR analysis.
